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Abstract 
Lichen and moss are excellent biomonitors of atmospheric heavy metal pollution as they are 
geographically diverse, have no waxy cuticles to control intake of nutrients/metals, can accumulate 
pollutants to levels that far exceed their need without dying, and make up the dominant portion of 
terrestrial flora in ice free areas of Antarctica. 
Studies on this subject are generally restricted to areas of highest anthropogenic activity around King 
George Island at the Antarctic Peninsula, although determining the ‘baseline’ concentrations of 
heavy metals in mosses and lichens far away from human activity is essential to understanding the 
continued impact we have on the environment. Generally, heavy metal concentrations increase as 
distance to nearest research station decrease, due in part to the large dependence on fossil fuel 
combustion for transportation and electricity, but also due to the fact that stations are clustered 
near the coast and on ice free ground, allowing for influence from marine and substrate derived 
heavy metals.  
Values obtained from these or any studies are not directly comparable without first establishing the 
appropriate correlation factor between the species used, as each species accumulates heavy metals 
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Lichen exists as a symbiotic relationship between a fungal partner (the mycobiont) and a green algae 
or cyanobacterium partner (generally referred to as the photobiont). Despite containing multiple 
organisms from up to three separate biological kingdoms, lichen exhibit a discrete thalli and are 
considered as a single species, with the fungus determining the biological association (ie. Kingdom: 
fungi). 
Biomonitors 
As far back as the mid-1800s, Grindon (1859) observed the disappearance of lichen from the area 
around South Lancashire, England, and hypothesised that this was due to increases in air pollution. 
Since then, negative correlations between atmospheric pollutants and lichen biodiversity have been 
recorded in countries around the world, both in the laboratory and in the field including transplant 
studies (Conti & Cecchetti, 2001; Garty, 2001). Such species are known as bioindicators, as species 
distributions indicate quantitative atmospheric pollution levels, while bioaccumulators accumulate 
atmospheric pollutants to quantify atmospheric pollution. 
Conti & Cecchetti (p. 472) also provide a set of rules in which a potential biomonitor must abide by 
to be considered an effective bioaccumulator. 
1. Bioaccumulators must accumulate the pollutant without, however, being killed by the 
levels with which it comes into contact. 
2. Bioaccumulators must have a wide geographical distribution. 
3. Bioaccumulators must be abundant, sedentary, or of scarce mobility, as well as being 
representative of the collection area. 
4. Bioaccumulators must be available all year round and allow for the collection of sufficient 
tissues for analysis. 
5. Bioaccumulators must be easy to collect and resistant to laboratory conditions. 
6. Bioaccumulators must have a high concentration factor for the contaminant under study, 
and thus allow direct analysis with no prior increase in concentrations. 
7. Bioaccumulators must have a simple correlation between the quantity of contaminant 
contained in the organism and the average contaminant concentration in the surrounding 
environment. 
8. Have the same contaminant content level correlation with the surrounding environment in 
every site studied and under any condition. 
Other classifications exist, such as that by Grodzinski & Yorks (1981), who developed three 
categories:  
1. A particular indicator species may be present or absent due to a particular pollutant 
(BIOINDICATOR) 
2. ‘True’ indicators exhibit damage proportional to dosage from a particular pollutant 
(BIOINDICATOR) 
3. Accumulators of a particular pollutant (BIOACCUMULATORS) 
NOTE: Biomonitor is an overarching term for both bioindicators and bioaccumulators. The terms 
are not interchangeable with one another. An example of each can be seen in Figure 1. 
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Lichen and Moss 
While lichen and moss are from completely separate biological kingdoms, many of the 
characteristics of each are shared, to an extent in which lichen are considerably similar to mosses. 
Both lack a root system, and depend almost completely on atmospheric deposition for nutrition. 
Therefore, the elemental compositions reflect gaseous concentrations and the rate of atmospheric 
particulate deposition (Nash, 2008). Both lichen and moss are can also survive extreme climatic 
conditions that would kill another plant, such as desiccation, excess light, and low temperatures, and 
due to this, are the primary terrestrial flora in many ecosystems in continental Antarctica (Bargagli, 
2005). 
Lichen 
Lichen take up nutrients over their complete surface; they lack stomata or waxy cuticles and hence 
have little control over the uptake or removal of nutrients (Conti & Cecchetti, 2001). Lichens are 
perennial, possibly living up to one hundred years, which, combined with a slow growth rate, allows 
persistent atmospheric pollutants to accumulate within the thalli (body) of lichen, to concentrations 
well above those from natural atmospheric deposition (Bargagli, 2005; Garty, 2001). Lichen are 
known to exist in almost every extreme on earth, from tropical forests to dry deserts to frozen polar 
regions, and have been observed in continental Antarctica as far as 86 – 87 ˚ south on exposed 
nunataks (Nash, 2008; Seymour, Crittenden, & Dyer, 2005).  
In Antarctica, the most widespread macrolichen used for biomonitoring are Usnea aurantiacoatra 
and Usnea antarctica(Osyczka, Dutkiewicz, & Olech, 2007; Poblet et al., 1997). 
Moss and other Bryophytes 
Bryophytic vegetation in Antarctica is most commonly in the form of flat, short turfs of moss from 
the genus Bryum. They reproduce through vegetative propagules and are ephemeral except when 
propagules are deposited in a sheltered area that receives sufficient melt water from snow, in which 
case they may live for many years (Bargagli, 2005).   
Moss has an exceptionally high surface-to-mass ratio, higher than that of lichen, which provides a 
highly effective trap for airborne particles, but this property also applies to nearby soil particulates 
Figure 1. A comparison between a) bioindication and b) bioaccumulation. Modified from AMAP (2005) 
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blown in the wind, which, if high in heavy metals can skew the results. Bargagli et al. (1995) provided 
a procedure to correct for this soil contamination. 
Current Research in Biomonitoring 
Italy is at the forefront of lichen biomonitoring, and as such many publications stem from this area. 
These publications, and others from around the world look for atmospheric pollution mostly from 
anthropogenic sources, such as energy production (Gür & Yaprak, 2011; Loppi & Nascimbene, 2010; 
Loppi, 1996; Paoli & Loppi, 2008), urban/industrial environments (González & Pignata, 1999; Minger 
& Krähenbühl, 1997; Scerbo, Possenti, Lampugnani, Ristori, & Barale, 1999), and high-density traffic 
areas (Cicek, Koparal, Aslan, & Yazici, 2007; Frati et al., 2006; González, Casanovas, & Pignata, 1996), 
but also at natural sources, such as geothermal areas (Bennett & Wetmore, 1999; Loppi, Malfatti, 
Sani, & Whitehead, 1997). 
Biomonitoring of Heavy Metals 
Heavy metals monitoring largely focuses on mercury (Hg), lead (Pb), zinc (Zn), and cadmium (Cd), but 
also often includes many other metal species, such as copper (Cu), iron (Fe), aluminium (Al) and 
manganese (Mn). The term ‘heavy metals’ indicates an elements specific gravity of 5 or higher, 
although this is still poorly defined (Garty, 2001). Nieboer & Richardson (1980) developed a 
classification to remove the term ‘heavy metals’ and replace it with Class A (oxygen seeking), Class B 
(nitrogen/sulphur seeking), and Borderline (Intermediate), based on atomic properties and solution 
chemistry of the metal ions: 
Class A: Cs+, K+, Na+, Li+, Ba2+, Sr2+, Ca2+, Mg2+, La3+, Gd3+, Y3+, Lu3+, Sc3+, Be2+, Al3+ 
Borderline: Pb2+, Sn2+, Cd2+, Cu2+, Co2+, Fe2+, Ni2+, Cr2+, Ti2+, Zn2+, Mn2+, V2+, Ln3+, Sb(III), Fe3+, Ga3+, 
As(III), Sn(IV) 
Class B: Au+, Ag+, Tl+, Cu+, Hg2+, Pd2+, Pt+, Bi3+, Pb(IV) 
For simplicity, in this review the term ‘heavy metals’ will refer to elements from the above 
classification, indiscriminate of class. 
Metal Uptake by Lichen 
As previously discussed, lichen acquire almost all of their nutrients, including pollutants such as 
metals through atmospheric deposition; in the case of metals, through the interception of soluble or 
particulate matter (Garty, 2001). The influence of heavy metals from the substrate however, should 
not be discounted, and Bargagli et al. (1995) provides a method to estimate ‘true’ atmospheric 
concentration levels by removing the substrate contribution, using lichen from both Italy and 
Antarctica. 
Three mechanisms of metal uptake are generally accepted by the scientific community (Conti & 
Cecchetti, 2001; Puckett, Nieboer, Gorzynski, & Richardson, 1973), stemming from Richardson 
(1995). These are: 
1. Intracellular absorption through an exchange process, 
2. Intracellular accumulation, 
3. Entrapment of particles that contain metals. 
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Metals are stored within lichen in a way that their concentrations are not uniform throughout the 
thallus. When analysed in cross section Pb was found to accumulate to the highest levels in the 
medulla of Usnea sp., while the central cord had the lowest (Guerra et al., 2011). Due to the 
morphology this may not always be the case, such as when pollutant levels vary considerably 
temporally, resulting in older parts being more (or less) concentrated in metals than others (Lim et 
al., 2009). This places importance on methodologies, and the requirement to homogenise samples in 
a ball mill or similar to ensure the analysis of a representative sample of the whole thallus. This 
avoids errors arising from thallus sampling location, such as non-uniform thallus sections (medulla, 
upper and lower cortex, central strands etc.) 
Heavy Metal Sources 
The aim of heavy metal biomonitoring in Antarctica is to determine the ‘background’ concentrations 
in lichen and compare those to lichen in close vicinity to research stations, to assess the impact 
humans have had. Therefore, it is essential to understand the processes responsible for heavy metal 
production, both natural and anthropogenic.  
Natural sources of heavy metals in Antarctica include rock/soil dust, sea-salt spray, volcanic 
emissions, and marine biogenic activity (Bargagli, Battisti, Focardi, & Formichi, 1993; Planchon et al., 
2002; Pongratz & Heumann, 1999; Wojtuń, Kolon, Samecka-Cymerman, Jasion, & Kempers, 2013), 
while natural sources include fossil fuel combustion (petrol, avgas, diesel, kerosene) and waste 
incineration (Bollhofer & Rosman, 2000; Boutron & Wolff, 1989; Pacyna, Pacyna, Steenhuisen, & 
Wilson, 2006; Settle & Patterson, 1991).  
Sources of heavy metals can also be divided into local or global sources. The deposition of heavy 
metals in Antarctica from global sources is limited by the specific elements atmospheric residence 
time. For example, mercury has a residence time of several months to a year, allowing global 
transport from source, while lead has a residence time of ~10 days, preventing most sources of lead, 
especially those in the Northern Hemisphere, from polluting Antarctica (Porcella, Ramel, & Jernelov, 
1997; Wilson, Steenhuisen, Pacyna, & Pacyna, 2006). Heavy metal concentrations in snow was 
shown by Planchon et al. (2002) to have increased significantly in the 1950s, from relatively stable 
levels, and had consistently increased from then (Figure 2). 
Suttie & Wolff (1993) investigated the distance required to reach ‘background’ levels from local 
sources, and found 40m downwind from a single generator (800,000 times background at source) 
background levels were reached, while background levels were reached 10km from the Halley 
Research Station. Reproduction of these values will be dependent on station size, resource use, wind 
speed, surface roughness.  
The temporal aspect of heavy metal pollutant sources is also of importance as shown by Olech et al. 
(1998). Olech transplanted lichen samples from an isolated area of King George Island to the stations 
in the area, measuring the samples for lead concentrations after 1, 3, 6, and 12 months. Most 
samples had increased in lead concentrations (3.2-4.4ppm) by almost one order of magnitude within 






Figure 2. Heavy metal concentrations in snow from Coats Land, Antarctica, showing a 
marked increase around 1950. Modified from Planchon et al. (2002) 
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Results and Discussion 
There are few studies that analyse heavy metal concentrations in lichen and moss in the Antarctic, 
and of those, even fewer investigate outside of the Antarctic Peninsula. Most are restricted to King 
George Island, part of the South Shetland Islands, due to the high density of research stations 
relative to the rest of the Antarctic (Guerra et al., 2011; Lim et al., 2009; Osyczka et al., 2007; Poblet 
et al., 1997; Vodopivez, Smichowski, & Marcovecchio, 2001). Only two studies have been carried out 
on mainland Antarctica; a broad study in northern Victoria Land (Bargagli, Sanchez-Hernandez, & 
Monaci, 1999) and a small study in eastern Antarctica in Queen Maud Land (Upreti & Pandey, 2000). 
The heavy metal concentrations presented by these studies are relatively consistent (ie. the same 
order of magnitude per element across studies) as shown by Figure 3. Of the metals analysed, iron is 
by far the greatest in concentration, reaching almost 0.1% by weight. In general, results show an 
increase in heavy metal concentrations of the lichen or moss thallus as distance to research station 
decreases, primarily due to the large dependence on fossil fuels for transport and energy. Coastal 
proximity plays a large part in controlling mercury and cadmium (Wojtuń et al., 2013). 
Variation between Species 
In using lichen or moss as biomonitors of large areas, consideration is needed in terms of species 
used, as values obtained from one species may not represent the values of another species. This 
presents major problems in comparing heavy metal concentrations between lichen collected in 
Antarctica and those collected elsewhere in the world, where Antarctic lichens and mosses are not 
observed.  
The lack of correlation is highlighted by Folkeson (1979), who presented heavy metal concentrations 
for nine species of moss and lichen of differing genera and species. Folkeson developed calibration 
factors between these species, ranging from 0.39 up to 3.2, and also showed that mosses 
concentrated heavy metals to a much greater extent than lichen (Figure 4). The only study to 
consider this in Antarctica is that of Upreti & Pandey (2000) who considered 11 lichen species in 
Schirmacher Oasis, East Antarctica (Figure 5). The variations between species are not constant (ie. 
species X does not consistently show concentrations of Y times greater than species Z for metals A, 
B, and C), further complicating the issue.  
The variation between species is due to many factors, such as species morphology and surface 
roughness (Bargagli & Mikhailova, 2002), ratio differences between the volumes of various parts of 
the thallus (eg. volumes of central cord – medulla – cortex, Garty (2001) Guerra et al. (2011)), thallus 
age (Lim et al., 2009), and, in the case of Upreti & Pandey (2000), small changes in substrate. 
Fortunately, few species of lichen are as widespread as Usnea auranticoatra and U. Antarctica, and 
as such, most studies utilise these species in their studies. There are, however, other species of 
lichen that have been used for biomonitoring in Antarctica (eg. Umbilicaria decussata, Bargagli et al., 
1999). Mosses in Antarctica, however are diverse, presenting problems for initial species selection, 





Figure 3. Comparison of heavy metal concentrations between relevant studies in Antarctica. A) and B) compare that 
species Usnea aurantiacoatra (U au.) and Usnea Antarctica (U an.), as well as one study of Usnea decussata (U de.) 
Studies referred to are: Poblet et al. (1997), Osyczka et al. (2007), Vodopivez et al. (2001), Lim et al. (2009), Guerra et al. 






Figure 4. Comparison of heavy metal concentrations between lichen and moss from a coniferous woodland in Sweden. 
There is a brass foundry within 1.5km from the sampling site, emitting both Cu and Zn. Modified from (Folkeson, 1979). 
The first five species are mosses (Dicranum, Hylocomium, Hypnum, Pleurozium, and Pohlia) while the last four are 
lichens (Cladonia, Hypogymnia, Pseudevernia, Usnea). 
 
Figure 5. Variations in selected heavy metal concentrations between 11 species of lichen (Eastern Antarctica). Modified 
from (Upreti & Pandey, 2000). Note that Fe is shown on a second axis and is more than 1 order of magnitude greater. 
The higher Fe and Cu are due to the substrata, which contains iron and copper mineralisation. 
Soil Chemistry 
The chemistry of hosting soils and substrata have been shown to have a significant effect on the 
elemental concentrations within lichen thallus, especially in Antarctica where the input of heavy 
metals from substrate is proportionally higher in comparison to atmospheric pollution in more 
polluted environments (Bargagli et al., 1999; Upreti & Pandey, 2000) The figure below (Fig. 6) shows 
the relationship between copper concentrations in lichen compared to the copper concentrations in 
the hosting soil, yielding a strong correlation (r = 0.91, p = 0.001). This places importance on 
understanding the interactions between moss/lichen and the substrate it lives on, and elevated 
heavy metal concentrations may not be indicative of anthropogenic pollution. The relationship 
between soil concentration and thallus concentrations is dependent on the metal involved and the 




Figure 6. Comparison between soil copper concentration and lichen thallus copper concentration. Modified from 
(Bargagli et al., 1999) 
Conclusion 
The source of atmospheric heavy metals can be divided two ways, natural/anthropogenic, or 
local/global. If from a global source, the atmospheric residence time of the specific metal controls 
the distance it may migrate, preventing most heavy metal pollution from the Northern Hemisphere. 
Local sources of heavy metals are generally research stations where transport and electricity is 
dependant primarily on the burning of fossil fuels, although natural sources such as the substrate or 
nearby open waterways (sea, ponds, and polynya) contribute a significant portion of heavy metals, 
complicating biomonitoring attempts.  
Biomonitoring with lichen and moss still requires development, especially when trying to compare 
Antarctic data to data from elsewhere in the world, as concentrations between species do not 
necessarily correlate strongly. Studies outside of the Antarctic Peninsula are lacking, although they 




AMAP. (2005). AMAP Assessment 2002 : Heavy Metals in the Arctic. Arctic Monitoring and 
Assessment Programme (AMAP) (p. xvi + 265). Oslo, Norway. 
Bargagli, R. (2005). Antarctic Ecosystems: Environmental Contamination, Climate Change, and 
Human Impact (p. 397). Berlin, Germany: Springer. 
Bargagli, R., Battisti, E., Focardi, S., & Formichi, P. (1993). Preliminary data on environmental 
distribution of mercury in northern Victoria Land , Antarctica. Antarctic Science, 5(1), 3–8. 
Bargagli, R., Borghini, F., & Celesti, C. (2000). Elemental composition of the lichen Umbilicaria 
decussata. Italian Journal of Zoology, 67(sup1), 157–162. doi:10.1080/11250000009356371 
Bargagli, R., Brown, D. H., & Nelli, L. (1995). Metal biomonitoring with mosses: procedures for 
correcting for soil contamination. Environmental pollution (Barking, Essex : 1987), 89(2), 169–
75. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/15091530 
Bargagli, R., & Mikhailova, I. (2002). Accumulation of Inorganic Contaminants. In P. L. Nimis, C. 
Scheidegger, & P. A. Wolseley (Eds.), Monitoring with Lichens — Monitoring Lichens (Vol. 7.). 
Dordrecht: Springer Netherlands. doi:10.1007/978-94-010-0423-7 
Bargagli, R., Sanchez-Hernandez, J. C., & Monaci, F. (1999). Baseline concentrations of elements in 
the antarctic macrolichen Umbilicaria decussata. Chemosphere, 38(3), 475–487. 
Bennett, J. P., & Wetmore, C. M. (1999). Geothermal elements in lichens of Yellowstone National 
Park, USA. Environmental and Experimental Botany, 42(3), 191–200. doi:10.1016/S0098-
8472(99)00036-2 
Bollhofer, A., & Rosman, K. J. R. (2000). Isotopic source signatures for atmospheric lead: The 
Southern Hemisphere. Geochimica et Cosmochimica Acta, 64(19), 3251–3262. 
Boutron, C. F., & Wolff, E. W. (1989). Heavy metal and sulphur emissions to the atmosphere from 
human activities in Antarctica. Atmospheric Environment (1967), 23(8), 1669–1675. 
doi:10.1016/0004-6981(89)90051-6 
Cicek, a., Koparal, a. S., Aslan, a., & Yazici, K. (2007). Accumulation of Heavy Metals from Motor 
Vehicles in Transplanted Lichens in an Urban Area. Communications in Soil Science and Plant 
Analysis, 39(1-2), 168–176. doi:10.1080/00103620701759111 
Conti, M. E., & Cecchetti, G. (2001). Biological monitoring: lichens as bioindicators of air pollution 
assessment--a review. Environmental Pollution, 114(3), 471–92. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/11584645 
Folkeson, L. (1979). Interspecies calibration of heavy metal concentrations in nine mosses and 
lichens: - Applicability to deposition measurements. Water, Air and Soil Pollution, 11, 253–260. 
Frati, L., Caprasecca, E., Santoni, S., Gaggi, C., Guttova, A., Gaudino, S., … Loppi, S. (2006). Effects of 




Garty, J. (2001). Biomonitoring Atmospheric Heavy Metals with Lichens : Theory and Application. 
Critical Reviews in Plant Sciences, 20(4), 309–371. 
González, C. M., Casanovas, S. S., & Pignata, M. L. (1996). Biomonitoring of air pollutants from traffic 
and industries employing Ramalina ecklonii (Spreng.) Mey. and Flot. in Córdoba, Argentina. 
Environmental pollution (Barking, Essex : 1987), 91(3), 269–77. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/15091418 
González, C. M., & Pignata, M. L. (1999). Effect of pollutants emitted by different urban-industrial 
sources on the chemical response of the transplanted Ramalina ecklonii (Spreng.) Mey & Flot. 
Toxicological and Environmental Chemistry, 69(1-2), 61–73. 
Grindon, L. H. (1859). The Manchester Flora (p. 593). London: William White. 
Grodzinski, W., & Yorks, T. P. (1981). Species and ecosystem level bioindicators of two major studies. 
Water, Air, and Soil Pollution, 16, 33–53. 
Guerra, M. B. B., Amarasiriwardena, D., Schaefer, C. E. G. R., Pereira, C. D., Spielmann, A. a., 
Nóbrega, J. a., & Pereira-Filho, E. R. (2011). Biomonitoring of lead in Antarctic lichens using 
laser ablation inductively coupled plasma mass spectrometry. Journal of Analytical Atomic 
Spectrometry, 26(11), 2238. doi:10.1039/c1ja10198f 
Gür, F., & Yaprak, G. (2011). Biomonitoring of metals in the vicinity of Soma coal-fired power plant in 
western Anatolia, Turkey using the epiphytic lichen, Xanthoria parietina. Journal of 
environmental science and health. Part A, Toxic/hazardous substances & environmental 
engineering, 46(13), 1503–11. doi:10.1080/10978526.2011.609075 
Lim, H. S., Han, M. J., Seo, D. C., Kim, J. H., Lee, J. Il, Park, H., … Cho, J.-S. (2009). Heavy Metal 
Concentrations in the Fruticose Lichen Usnea aurantiacoatra from King George Island, South 
Shetland Islands, West Antarctica. Journal of the Korean Society for Applied Biological 
Chemistry, 52(5), 503–508. doi:10.3839/jksabc.2009.086 
Loppi, S. (1996). Lichens as Bioindicators of Geothermal Air Pollution in Central Italy. American 
Bryological and Lichenological Society, 99(1), 41–48. 
Loppi, S., Malfatti, A., Sani, M., & Whitehead, N. E. (1997). Lichens as biomonitors of geothermal 
radionuclide pollution. Geothermics, 26(4), 535–540. doi:10.1016/S0375-6505(97)00005-9 
Loppi, S., & Nascimbene, J. (2010). Monitoring H2S air pollution caused by the industrial exploitation 
of geothermal energy: the pitfall of using lichens as bioindicators. Environmental pollution 
(Barking, Essex : 1987), 158(8), 2635–9. doi:10.1016/j.envpol.2010.05.002 
Minger, A., & Krähenbühl, U. (1997). Moss and Lichen as Biomonitors for Heavy Metals. International 
Journal of Environmental Analytical Chemistry, 67(1-4), 41–48. 
doi:10.1080/03067319708031392 




Nieboer, E., & Richardson, D. H. S. (1980). The replaement of the nondescript term “heavy metals” 
by a biologically and chemically significant classification of metal ions. Environmental Pollution 
(Series B), 1, 3–26. 
Olech, M., Kwiatek, W. M., & Dutkiewicz, E. M. (1998). Lead Pollution in the Antarctic Region. X-Ray 
Spectrometry, 27, 232–235. 
Osyczka, P., Dutkiewicz, E. M., & Olech, M. (2007). Trace elements concentrations in selected moss 
and lichen species collected within Antarctic research stations. Polish Journal of Ecology, 55(1), 
39–48. 
Pacyna, E. G., Pacyna, J. M., Steenhuisen, F., & Wilson, S. (2006). Global anthropogenic mercury 
emission inventory for 2000. Atmospheric Environment, 40(22), 4048–4063. 
doi:10.1016/j.atmosenv.2006.03.041 
Paoli, L., & Loppi, S. (2008). A biological method to monitor early effects of the air pollution caused 
by the industrial exploitation of geothermal energy. Environmental Pollution, 155(2), 383–8. 
doi:10.1016/j.envpol.2007.11.004 
Planchon, F. A. M., Boutron, C. F., Barbante, C., Cozzi, G., Gaspari, V., Wolff, E. W., … Cescon, P. 
(2002). Changes in heavy metals in Antarctic snow from Coats Land since the mid-19th to the 
late-20th century. Earth and Planetary Science Letters, 200, 207–222. 
Poblet, A., Andrade, S., Scagliola, M., Vodopivez, C., Curtosi, A., Pucci, A., & Marcovecchio, J. (1997). 
The use of epilithic Antarctic lichens (Usnea aurantiacoatra and U. antartica) to determine 
deposition patterns of heavy metals in the Shetland Islands, Antarctica. The Science of the total 
environment, 207(2-3), 187–94. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/9447747 
Pongratz, R., & Heumann, K. G. (1999). Production of methylated mercury, lead, and cadmium by 
marine bacteria as a signifcant natural source for atmospheric heavy metals in polar regions. 
Chemosphere, 39(1), 89–102. 
Porcella, D. B., Ramel, C., & Jernelov, A. (1997). Global mercury pollution and the role of gold mining: 
An overview. Water, Air and Soil Pollution, 97, 205–207. 
Puckett, K. J., Nieboer, E., Gorzynski, M. J., & Richardson, D. H. S. (1973). The uptake of metal ions by 
lichens: A modified ion-exchange process. New Phytologist, 72, 329–342. 
Richardson, D. H. S. (1995). Metal uptake in lichens. Symbiosis, 18. 
Scerbo, R., Possenti, L., Lampugnani, L., Ristori, T., & Barale, R. (1999). Lichen (Xanthoria parietina) 
biomonitoring of trace element contamination and air quality assessment in Livorno Province 
(Tuscany , Italy). The Science of the Total Environment, 241, 91–106. 
Settle, D. M., & Patterson, C. C. (1991). Eolian inputs of lead to the South Pacific via rain and dry 
deposition from industrial and natural sources. Geochimica et Cosmochimica Acta, Special 
Publication, No. 3(eds. H.P. Taylor, J.R. O’Neil, and I.R. Kaplan), 285–294. 
Seymour, F. A., Crittenden, P. D., & Dyer, P. S. (2005). Sex in the extremes: lichen-forming fungi. 
Mycologist, 19(2), 51–58. doi:10.1017/S0269915XO5002016 
15 
 
Suttie, E. D., & Wolff, E. W. (1993). The local deposition of heavy metal emissions from point sources 
in Antarctica. Atmospheric Environment. Part A. General Topics, 27(12), 1833–1841. 
doi:10.1016/0960-1686(93)90288-A 
Upreti, D. K., & Pandey, V. (2000). Determination of Heavy Metals in Lichens Growing on Different 
Ecological Habitats in Schirmacher Oasis, East Antarctica. Spectroscopy Letters, 33(3), 435–444. 
doi:10.1080/00387010009350090 
Vodopivez, C., Smichowski, P., & Marcovecchio, J. (2001). Trace metals monitoring as a tool for 
characterization of Antarctic ecosystems and environmental management. The Argentine 
programme at Jubany Station. In S. Caroli, P. Cescon, & D. W. H. Walton (Eds.), Environmental 
Contamination in Antarctica: A Challenge to Analytical Chemistry (p. 420). Gulf Professional 
Publishing. 
Wilson, S. J., Steenhuisen, F., Pacyna, J. M., & Pacyna, E. G. (2006). Mapping the spatial distribution 
of global anthropogenic mercury atmospheric emission inventories. Atmospheric Environment, 
40(24), 4621–4632. doi:10.1016/j.atmosenv.2006.03.042 
Wojtuń, B., Kolon, K., Samecka-Cymerman, A., Jasion, M., & Kempers, A. J. (2013). A survey of metal 
concentrations in higher plants, mosses, and lichens collected on King George Island in 1988. 
Polar Biology, 36(6), 913–918. doi:10.1007/s00300-013-1306-8 
 
